ABSTRACT: Amino acids, ammonia, urea, orotate, and nitrate plus nitrite (stable oxidation products of nitric oxide) were determined in plasma of 1-to 21-dold suckling pigs. Jugular venous blood samples were obtained from pigs at 1, 3, 7, 14, and 21 d of age for analysis of plasma amino acids and metabolites by HPLC and enzymatic methods. Plasma concentrations of arginine and its immediate precursors (citrulline and ornithine) decreased (P < 0.01) progressively (20 to 41%) with increasing age from 3 to 14 d. Plasma concentrations of glutamine declined (P < 0.01) progressively (10 to 31%) during the 1st wk of life. Plasma concentrations of branched-chain amino acids, threonine, and alanine decreased (P < 0.01) (5 to 12%) in 14-and 21-d-old pigs, compared with 1-and 3-d-old pigs. There were no postnatal changes (P > 0.05) in plasma concentrations of other amino acids. Plasma concentrations of ammonia
Introduction
Although sow's milk was traditionally thought to provide adequate amino acids for supporting piglets' growth, artificial rearing studies indicate that the biological potential for neonatal pig growth is at least 74% greater than that for sow-reared piglets (Boyd et al., 1995) . The metabolic basis for the submaximal growth of suckling piglets is unknown. On the basis of the supply of arginine (an essential amino acid for neonates) from sow's milk and the arginine requirement of piglets (calculated from arginine deposition and catabolism), we have estimated that sow's milk provides ≤ 40% of the daily arginine requirement in 7-d-old suckling pigs (Wu et al., 2000) . Paradoxically, the intestinal synthesis of citrulline and arginine (the major source 2369 increased (P < 0.01) by 18 and 46%, whereas those of nitrate plus nitrite decreased (P < 0.01) by 16 and 29%, in 7-and 14-d-old pigs, respectively, compared with 1-to 3-d-old pigs. Because arginine plays a crucial role in ammonia detoxification via the hepatic urea cycle and is the physiological substrate for nitric oxide synthesis, our results of the decreased plasma concentrations of arginine and nitrate plus nitrite, as well as the increased plasma ammonia concentration, indicate a hitherto unrecognized deficiency of arginine in 7-to 21-d-old suckling pigs. Arginine is an essential amino acid for piglets and has a great potential to enhance neonatal growth; therefore, further studies are necessary to elucidate the mechanism responsible for arginine deficiency in sow-reared piglets and to identify hormonal and metabolic means for improving neonatal arginine nutrition and growth.
of endogenous arginine in neonates) decreases by 60 to 75% in 7-d-old suckling pigs compared with 0-to 2-dold pigs and is reduced further in 14-to 21-d-old suckling pigs (Wu, 1997) . These findings have raised an important question of whether arginine is deficient in 7-to 21-d-old sow-reared pigs.
Because of the practical limitation in conducting a nitrogen balance study with suckling piglets, we decided to measure biochemical parameters (e.g., arginine, ammonia, and nitric oxide) in plasma as indicators of arginine status (Wu and Morris, 1998) . Plasma concentrations of other amino acids were also determined because little is known about their postnatal changes in suckling piglets. Such information will provide a critical data base for future studies of protein metabolism and will help assess the availability of circulating amino acids in sow-reared piglets. Thus, the objective of this study was to quantify plasma concentrations of arginine and other amino acids and arginine-related metabolites in 1-to 21-d-old suckling pigs.
Materials and Methods
Chemicals. Methanol (HPLC-grade) and water were purchased from Fisher Scientific (Fair Lawn, NJ).
Amino acid standards and other chemicals were obtained from Sigma Chemical Company (St. Louis, MO).
Pigs. The pigs used in this study were the offspring of Yorkshire × Landrace sows and Duroc × Hampshire boars and were maintained at the Texas A&M University Swine Center. Pregnant sows had free access to water and a sorghum-soybean meal-based diet (Wu et al., 1995a ) that met NRC requirements (NRC, 1998) ; dietary contents of ME, protein, lysine, calcium, and phosphorus were 13,240 KJ/kg, 13.9%, 0.61%, 0.84%, and 0.62%, respectively. Healthy newborn piglets (two males and two females per litter) were randomly selected from five litters for this study. All piglets were freely nursed by sows. Jugular venous blood samples (3 mL) were withdrawn into heparinized tubes from piglets at 1, 3, 7, 14, and 21 d of age. Blood sampling was performed 1.5 h after suckling between 0930 and 1130 to minimize postprandial variations in plasma concentrations of amino acids and metabolites (Flynn and Wu, 1996) . During the entire lactation period, sows had free access to water and feed; dietary ME, protein, lysine, calcium, and phosphorus were 13,200 KJ/kg, 14.1%, 0.61%, 0.80%, and 0.60%, respectively (Wu and Knabe, 1994) . Piglets did not consume the feed provided for sows throughout the study. This research was approved by Texas A&M University's Institutional Animal Care and Use Committee.
Analysis of Plasma Amino Acids and Metabolites.
Blood was centrifuged for 15 min at 3000 × g and 4°C. Plasma (1 mL) was acidified with 1 mL of 1.5 M HClO 4 and then neutralized with 0.5 mL of 2 M K 2 CO 3 . The supernate was used for amino acid analysis by an HPLC method involving precolumn derivatization with ophthaldialdehyde, as previously described (Wu et al., 1995a . Ammonia was determined by an enzymatic method involving glutamate dehydrogenase (Wu et al., 1995b) . Urea was analyzed by a colorimetric method involving reaction with phenol and hypochlorite (Wu and Knabe, 1994) . Orotate was measured using orotate reductase as previously described (Flynn and Wu, 1996) . Nitrate and nitrite (stable oxidation products of nitric oxide) were analyzed using nitrate reductase and the Griess reagent (Wu and Brosnan, 1992) .
Statistical Analysis. Data were analyzed by ANOVA for repetitive measurements, with piglets (experimental units) nested within sows (Steel and Torrie, 1980) . Differences between the means of main effects were determined by linear contrasts. Statistical analysis was performed using GLM procedures of SAS (1990) . Probability values < 0.05 were taken to indicate statistical significance.
Results
General Observations. Body weights and plasma concentrations of all amino acids, urea, ammonia, orotate, and nitrate plus nitrite did not differ (P > 0.05) between male and female piglets at any ages studied. There was no significant interaction (P > 0.05) between age and sex or between age and litter. Body weights of piglets (means ± SEM, n = 20) were 1.32 ± 0.10, 1.42 ± 0.09, 1.75 ± 0.11, 2.55 ± 0.13, 4.10 ± 0.18, and 5.76 ± 0.27 kg, respectively, at birth and 1, 3, 7, 14, and 21 d of age. Plasma concentrations of most amino acids did not change (P > 0.05) during the 21-d suckling period, except for the following: arginine, citrulline, ornithine, glutamine, alanine, threonine, leucine, isoleucine, and valine. In addition, there were postnatal changes in plasma concentrations of ammonia and nitrate plus nitrite in piglets.
Arginine, Citrulline, and Ornithine. Plasma concentrations of arginine, citrulline, and ornithine in piglets did not differ (P > 0.05) between d 1 and 3 of life but decreased (P < 0.01) progressively with increasing postnatal age from 3 to 14 d (Figure 1 ). Plasma concentrations of arginine, citrulline, and ornithine decreased (P < 0.01) by 20, 26, and 25% in 7-d-old piglets and by 37, 41, and 40% in 14-d-old piglets, respectively, compared with 1-d-old piglets. Plasma concentrations of arginine, citrulline, and ornithine were similar (P > 0.05) between 14-and 21-d-old piglets. Among all essential amino acids, plasma arginine exhibited the greatest postnatal decline in piglets.
Glutamine. Glutamine was the third and fourth most abundant amino acid in the plasma of 1-to 3-d-old piglets and 7-to 21-d-old piglets, respectively (Tables  1 and 2 ). Plasma concentrations of glutamine decreased (P < 0.01) progressively (10 and 31%) in 3-and 7-d-old piglets, compared with 1-d-old piglets. Plasma concentrations of glutamine leveled off in 7-, 14-, and 21-dold piglets. Among all nonessential amino acids, plasma glutamine exhibited the greatest postnatal decline in piglets.
Branched-Chain Amino Acids (BCAA).
Plasma concentrations of leucine or isoleucine did not differ (P > 0.05) between 1-and 7-d-old piglets but decreased (P < 0.01) by 10 to 12% in 14-and 21-d-old piglets, compared with 1-and 7-d-old piglets (Table 2) . Plasma concentrations of valine were similar (P > 0.05) between 1-and 3-d-old piglets but decreased (P < 0.01) progressively (5 to 11%) with increasing postnatal ages from 3 to 14 d. Plasma concentrations of BCAA did not differ (P > 0.05) between 14-and 21-d-old piglets.
Other Amino Acids. Plasma concentrations of the following nutritionally nonessential amino acids did not differ (P > 0.05) between 1-and 21-d-old piglets: asparagine, aspartate, cysteine, glutamate, glycine, serine, tyrosine, and taurine (Table 1) . Plasma concentrations of alanine decreased (P < 0.01) by 5% in 14-and 21-d-old pigs compared with 1-to 7-d-old pigs. Glycine was the most abundant free amino acid in the plasma of all ages of the piglets studied. Plasma concentrations of the following nutritionally essential amino acids were similar (P > 0.05) between 1-and 21-d-old piglets: histidine, lysine, methionine, phenylalanine, proline, and tryptophan (Table 2) . Plasma concentrations of threonine decreased (P < 0.01) by 7% in 14-and 21-d-old piglets, compared with 1-to 3-d-old piglets (Table 2 ). Ammonia, Urea, and Orotate. Plasma concentrations of ammonia were similar (P > 0.05) between 1-and 3-d-old piglets but increased (P < 0.01) by 18 and 46% in 7-and 14-d-old piglets, respectively, compared with 1-d-old piglets (Figure 2 ). Mean plasma concentrations of urea were 2,304, 2,276, 2,255, 2,231, and 2,219 M, respectively, for 1-, 3-, 7-, 14-, and 21-d-old piglets (SEM = 95 M) and did not differ (P > 0.05) among these age groups. Mean plasma concentrations of orotate were 72, 69, 71, 73, and 73 M, respectively, for 1-, 3-, 7-, 14-, and 21-d-old piglets (SEM = 4.8 M) and did not differ (P > 0.05) among these age groups. Means with different letters within a row differ (P < 0.01).
Nitrate plus Nitrite. Plasma concentrations of nitrate plus nitrite did not change (P > 0.05) between 1-and 3-d-old piglets but decreased (P < 0.01) by 16 and 29% in 7-and 14-d-old piglets, respectively, compared with 1-to 3-d-old piglets (Figure 2 ). Plasma concentrations of nitrate plus nitrite did not differ (P > 0.05) between 14-and 21-d-old piglets.
Discussion
Amino acids are building blocks for protein and serve as precursors for the synthesis of many biologically im- Figure 1 .
Means with different letters within a row differ (P < 0.01).
portant molecules such as peptides, hormones, neurotransmitters, purine and pyrimidine nucleotides, creatine, carnitine, porphyrins, polyamines, and nitric oxide (Reeds and Hutchens, 1994; Wu and Morris, 1998) . Some amino acids (e.g., arginine and leucine) stimulate the secretion of insulin and growth hormone (Miller, 1970; Davis, 1972; Atinmo et al., 1978) , thereby playing an important role in regulating protein accretion. However, there is little information about amino acid metabolism in sow-reared piglets. Bengtsson (1970) reported that serum concentrations of most amino acids (except aspartate, glutamate, alanine, and valine) increased in 3-d-old suckling pigs compared with newborn unsuckled pigs. Concentrations of several amino acids were not determined in this previous work, including glutamine, taurine, cysteine, tryptophan, asparagine, ornithine, and citrulline. Data on these amino acids are invaluable, because of the important roles of glutamine and taurine in intestinal, cardiovascular, and neurological development (Sturman, 1993; Wu, 1998) , of ornithine and citrulline in arginine synthesis (Wu and Morris, 1998) , of cysteine in glutathione synthesis (Reeds and Hutchens, 1994) , and of tryptophan as an essential amino acid. The present study provides the first detailed information on postnatal changes of plasma amino acids and related metabolites in 1-to 21-d-old suckling pigs.
Arginine is the most abundant nitrogen carrier in the body (Wu, 1998) and is utilized by multiple metabolic pathways (Wu and Morris, 1998) . Thus, arginine re-quirements by young mammals, including pigs, are particularly high (Leibholz, 1982; Southern and Baker, 1983; Fickler et al., 1994) . In addition, as the physiological precursor of nitric oxide (the endothelium-derived relaxing factor, a neurotransmitter, a mediator of immune response, and a signalling molecule [Bredt and Snyder, 1994] ), arginine plays an important role in whole body homeostasis (Wu et al., 2000) . A novel finding of this study is that plasma concentrations of arginine and its immediate precursors (citrulline and ornithine) decreased with increasing postnatal age from 3 to 14 d (Figure 1) . The decreased plasma concentrations of these amino acids in 7-to 21-d-old pigs may be explained by the marked decline in their intestinal synthesis from glutamine and proline (Wu and Knabe, 1995; Wu, 1997) , on the basis of the current concept that the small intestine is the major source of citrulline for endogenous synthesis of arginine (Wu and Morris, 1998) . For example, intestinal synthesis of citrulline plus arginine from glutamine and proline (expressed on the basis of enterocyte protein) decreases by 60 to 75% in 7-d-old suckling pigs compared with 0-to 2-dold pigs, and that from glutamine declines further in 14-to 21-d-old suckling pigs (Wu, 1997) . Because Cranwell (1995) indicated that the ratios of small-intestine weight to body weight did not change substantially in 1-to 21-d-old suckling pigs (32, 30, 30, and 28 g/kg body at 1 to 3, 7, 14, and 21 d of age, respectively), we can infer that intestinal synthesis of citrulline and arginine per kilogram of BW remains strikingly low in 7-to 21-d-old pigs compared with 1-d-old pigs. A decrease in intestinal synthesis of ornithine, citrulline, and arginine also results in a marked decline in their plasma concentrations in infants with an inherited deficiency of pyrroline-5-carboxylate synthase (Kamoun et. al, 1998) , the key regulatory enzyme for arginine synthesis from glutamine (Wu and Morris, 1998) . Similarly, hypoornithinemia, hypocitrullinemia, and hypoargininemia occur in neonatal pigs and mice with a deficiency of intestinal ornithine aminotransferase (Wang et al., 1995; Flynn and Wu, 1996) , an enzyme that interconverts pyrroline-5-carboxylate into ornithine (Wu, 1997) .
Plasma concentrations of arginine and ammonia, but not plasma urea concentration, are sensitive indicators of arginine nutritional status in neonatal pigs (Flynn and Wu, 1996; Brunton et al., 1999) and human infants (Johnson et al., 1972; Batshaw et al., 1984) . Previous studies have shown that plasma concentrations of nitrate plus nitrite reflect arginine availability for nitric oxide synthesis in infants (Vosatka et al., 1994; Fakler et al., 1995) , adult humans (Kayanoki et al., 1999) , and rats (Wakabayashi et al., 1994) . Arginine deficiency increases plasma orotate concentrations and its urinary excretion in young rats (Milner, 1985) , but not in young pigs (Southern and Baker, 1983; Edmonds et al., 1987) , indicating a species difference in the regulation of orotate synthesis. Because arginine plays a crucial role in ammonia detoxification via the hepatic urea cycle (Meijer et al., 1990) and is the physiological substrate for nitric oxide synthesis (Wu and Morris, 1998) , our results of the decreased plasma concentrations of arginine and nitrate plus nitrite as well as the increased plasma ammonia concentration indicate a hitherto unrecognized deficiency of arginine in 7-to 21-d-old suckling pigs. Thus, arginine is a nutritionally essential amino acid for both weanling (Mertz et al., 1952; Southern and Baker, 1983; Visek, 1986; Fickler et al., 1994) and sow-reared piglets. Although suckling piglets continue to grow, this does not necessarily imply that arginine supply from milk plus endogenous synthesis meet arginine requirements for maximal growth, as exemplified by submaximal growth and impaired nitric oxide synthesis in arginine-deficient young rats (Wu et al., 1999a) .
Although sow's milk was traditionally thought to provide adequate amino acids for supporting piglets' growth, recent studies have identified that maximal growth performance of suckling piglets is not achieved when sow's milk is the only source of dietary protein (Boyd et al., 1995) . For example, artificial rearing data show that the biological potential for neonatal pig growth is at least 400 g/d (average from birth to 21 d), 74% greater than that for sow-reared pigs (230 g/d) (Boyd et al., 1995) . The metabolic basis for this growth limitation is unknown, but it may be due to inadequate intake of protein (or an essential amino acid) or energy. Sow's milk (at d 7 to 21 of lactation) contains 1.43 g arginine/L of whole milk (Wu and Knabe, 1994) . On the basis of arginine supply from sow's milk and arginine requirement by piglets, we have estimated that sow's milk provides ≤ 40% of the daily arginine requirement in 7-d-old suckling pigs (Wu et al., 2000) . Interestingly, Leibholz (1982) reported that in pigs weaned at 3 to 4 d of age, supplementing 0.2 and 0.4% L-arginine to a dried milk diet containing 19.2% crude protein and 0.75% arginine (similar to protein and arginine content in sow's milk [Wu and Knabe, 1994] ) increased weight gain by 43 and 93%, respectively, during d 7 to 14 after birth. This striking result indicates that the supply of arginine from the milk-based diet and endogenous synthesis is inadequate for the maximal growth of 7-to 14-d-old early-weaned pigs, and suggests that increasing arginine provision may help enhance and maximize neonatal pig growth. Clearly, additional studies are necessary to determine whether an arginine deficiency is a major factor limiting the maximal growth of sow-reared piglets.
The decreases in plasma concentrations of BCAA, threonine, glutamine, and alanine in postnatal piglets (Tables 1 and 2 ) deserve comment. Threonine and BCAA are not synthesized in the pig, and thus a decrease in their plasma concentrations may be explained by increased catabolism in the small intestine and other tissues. In this regard, it is noteworthy that Stoll et al. (1998) reported extensive catabolism of threonine and BCAA by the small intestinal mucosa of milk-fed piglets, such that 60% of dietary threonine and 30 to 40% of dietary BCAA were extracted in the first pass by the portal-drained viscera. The small intestine also extensively catabolizes glutamine in suckling piglets, with alanine being a major end product (Wu and Knabe, 1995) . Because intestinal glutamine catabolism decreases in 7-to 21-d-old pigs compared with 1-to 3-d-old pigs (Wu, 1998) , the marked decline in plasma glutamine concentration during the 1st wk of life likely results from an increase in glutamine utilization by extraintestinal tissues, and possibly from a decrease in glutamine synthesis from BCAA in skeletal muscle. Likewise, the decreased plasma concentration of alanine in 14-to 21-d-old pigs may be due to an increase in alanine utilization for gluconeogenesis and a decrease in alanine synthesis from glutamine in the small intestine and from BCAA in skeletal muscle.
In conclusion, plasma concentrations of arginine and its immediate precursors (ornithine and citrulline) decreased markedly in 7-to 21-d-old suckling pigs, compared with 1-to 3-d-old pigs. Plasma concentrations of ammonia increased but those of nitrate plus nitrite decreased in 7-to 21-d-old pigs. Because arginine plays a crucial role in ammonia detoxification via the hepatic urea cycle and is the physiological substrate for nitric oxide synthesis, our results indicate a hitherto unrecognized deficiency of arginine in 7-to 21-d-old sowreared pigs.
Implications
Because arginine intake from sow's milk is remarkably low, endogenous synthesis of arginine plays a crucial role in arginine provision for suckling piglets. Results of this study and those from early-weaned pigs fed a dried milk diet indicate that endogenous synthesis of arginine plus its dietary intake is inadequate to meet arginine requirements for metabolic utilization in 7-to 21-d-old milk-fed pigs. This notion of an arginine deficiency is of particular importance in view of the finding that sow-reared piglets exhibit submaximal growth from d 8 after birth. Further research is necessary to elucidate the mechanism(s) for the marked decline in the intestinal synthesis of citrulline and arginine (the major source of endogenous arginine) in 7-to 21-d-old suckling piglets. This new knowledge may aid in designing hormonal and metabolic interventions to improve arginine nutrition and growth of neonatal piglets.
